Erythrocytic inclusion body syndrome (EIBS) causes mass mortality in farmed salmonid fish, including the coho salmon, Onchorhynchus kisutchi, and chinook salmon, O. tshawytscha. The causative agent of the disease is a virus with an icosahedral virion structure, but this virus has not been characterized at the molecular level. In this study, we sequenced the genome of a virus purified from EIBS-affected coho salmon. The virus has 10 dsRNA genomic segments (L1, L2, L3, M1, M2, M3, S1, S2, S3, and S4), which closely resembles the genomic organization of piscine orthoreovirus (PRV), the causative agent of heart and skeletal inflammation (HSMI) in Atlantic salmon and HSMI-like disease in coho salmon. The genomic segments of the novel virus contain at least 10 open reading frames (ORFs): lambda 1 (λ1), λ2, λ3, mu 1 (μ1), μ2, μNS, sigma 1 (σ1), σ2, σ3, and σNS. An additional ORF encoding a 12.6-kDa protein (homologue of PRV p13) occurs in the same genomic segment as σ3. Phylogenetic analyses based on S1 and λ3 suggest that this novel virus is closely related to PRV, but distinctly different. Therefore, we designated the new virus 'piscine orthoreovirus 2' (PRV-2). Reverse transcription-quantitative real-time PCR revealed a significant increase in PRV-2 RNA in fish blood after the artificial infection of EIBS-naïve fish but not in that of fish that had recovered from EIBS. The degree of anemia in each fish increased as the PRV-2 RNA increased during an epizootic season of EIBS on an inland coho salmon farm. These results indicate that PRV-2 is the probable causative agent of EIBS in coho salmon, and that the host acquires immunity to reinfection with this PLOS ONE |
Introduction
Mass mortality from erythrocytic inclusion body syndrome (EIBS) occurs frequently and causes severe economic losses on coho salmon (Onchorhynchus kisutchi) farms in Japan [1] . The disease was first described in 1982 in juvenile chinook salmon (O. tshawytscha) reared in a freshwater hatchery in Washington, USA [2] . Variable susceptibility among salmonid fish species, including chum salmon (O. keta), rainbow trout (O. mykiss), and masou salmon (O. masou) [3] , was demonstrated by their artificial infection with infected blood homogenates. Infection with the EIBS-like virus has also been reported in farmed Atlantic salmon (Salmo salar) in Ireland, Norway, and Scotland [4] [5] [6] .
Fish suffering EIBS are always characterized by erythrocytic inclusion bodies and anemia [7] . A histopathological examination of EIBS-affected coho salmon also showed necrosis of the muscle fibers in the cardiac ventricle and atrium [8] . Hyperbilirubinemia and the accumulation of bilirubin in the liver [9] may be one of the causes of the jaundice and yellow-colored livers of diseased coho salmon. The causative agent of EIBS is an icosahedral virus, approximately 70-80 nm in diameter, and the virions are often observed within membrane-bound structures that are frequently associated with the cellular membranes [7, 10] . The virions are also occasionally free in the cytoplasm of erythrocytes or combined within large cytoplasmic vacuoles [10] . The preliminary characterization of this virus with electron microscopy revealed similar characteristics to those of a member of the family Togaviridae [11] , but the isolation of the virus in a fish cell line has been unsuccessful, preventing its further characterization [12] .
The causative agent of heart and skeletal muscle inflammation (HSMI) in farmed Atlantic salmon (Salmo salar L.), a piscine orthoreovirus (PRV), also forms inclusion bodies in erythrocytes [13, 14] . It is noteworthy that electron microscopic images of the cytoplasmic inclusions of PRV in Atlantic salmon erythrocytes strongly resemble those reported in coho salmon erythrocytes during EIBS [10, 14, 15] . PRV belongs to the family Reoviridae, subfamily Spinareovirinae, and has been proposed as a first member of a new genus within the family Reoviridaefrom coho salmon were more genetically diverse (subgenotypes Ia and Ib) than those from Atlantic salmon, and some formed a distinct new phylogenetic cluster, designated genotype II [19] . Notably, the PRV-related virus reported from Norwegian rainbow trout [21] was also classified as genotype II [19] .
These findings led us to hypothesize that the EIBS observed in Japanese coho salmon is associated with a PRV or PRV-related infection. However, at present, no molecular data are available on the causative agent of EIBS in coho salmon, and its relationship with HSMI-like disease in coho salmon is unclear. In this study, we determined the genomic sequence and taxonomic position of the causative agent of EIBS in farmed coho salmon in Japan. PCR methods were established to analyze whether this uncharacterized virus correlates with outbreaks of EIBS.
Results

Virus purification
After the isolated virus was ultracentrifuged in a sucrose gradient, three bands were visible and fractionated ( Figure 
Characterization of the viral genome segments
The novel virus within the upper fraction shared genomic characteristics with members of the family Reoviridae. Approximately 2.5 kbp and 4.0 kbp of double-stranded RNA (dsRNA), which were assumed to be medium and large genomic segments, respectively, were detected in the extracted dsRNA (S2 Fig). No dsRNA corresponding in size to small segments (1.0-1.3 kbp) was detected (S2 Fig), but cDNAs corresponding to small, medium, and large segments were successfully amplified with the full-length amplification of cDNAs (FLAC) method (S3 Fig). A sequence analysis of the cDNA amplicons showed that the genome of the novel virus is 23,308 nt in length (GC content, 49%), and consists of 10 dsRNA segments: L1, L2, L3, M1, M2, M3, S1, S2, S3, and S4 (Table 1) .
All the genome segments contain conserved nucleotides at the 3´-terminus (UCAUC-3´) and 5´-terminus (5´-GAUAAA/U) that are identical to those in the PRV genome [17, 22] . These segments contain open reading frames (ORFs) encoding lambda 1 (λ1), λ2, λ3, mu 2 (μ2), μ1, μNS, sigma 3 (σ3), σ2, σNS, and σ1, respectively (Table 1) . We noted that the segment sizes of L1, L3, M2, M3, and S2 of the novel virus differ slightly from those of PRV (Table 1) . Segment S1 is probably polycistronic, because an additional ORF encoding a 12.6-kDa protein (homologue of PRV p13) was identified in this segment. At the amino acid level, the proteins of the novel virus share the highest percentage identities with those of PRV, within a range of 59.0%-92.7% (Table 1) . However, no large differences in the percentage identities were detected when the novel virus was compared with PRV genotypes Ia and Ib (Table 1) . The amino acid sequence similarities between our virus and largemouth bass reovirus (LMBRV) [23] , a newly identified member of the piscine orthoreoviruses, range from 23.9%-68.1% (Table 1) . Thus, the novel virus appears to be more closely related to PRV than to LMBRV.
A phylogenetic tree constructed from the amino acid sequences of λ3 (RNA-dependent RNA polymerase, RdRp) indicated that the novel virus forms a genetic lineage with the piscine orthoreoviruses (PRV and LMBRV), which is distinct from the clades of Orthoreovirus and Aquareovirus (Fig 1) . It is noteworthy that the RdRp sequence of our virus (LC145609) Novel Piscine Orthoreovirus Identified in EIBS-Affected Coho Salmon clustered distantly from other known sequences of PRV (ALN70026 and ALN70048) that were isolated from coho salmon collected on the Canada/USA Pacific coast (Fig 1) . Furthermore, the segment S1 sequence of the novel virus clearly differed from the sequences of PRV isolates belonging to subgenotype Ia, subgenotype Ib, and genotype II (Fig 2) . The percentage identities between the nucleotide sequences of segment S1 of the novel virus and PRV isolates were Phylogenetic analysis of segment S1 sequences from the novel virus, PRV genotype I and genotype II isolates, and LMBRV. Phylogenetic tree was constructed with the nucleotide sequences of segment S1 from the novel virus (LC145616), PRV isolates (subgenotype Ia, subgenotype Ib, and genotype II) and LMBRV (KU974959). The novel virus (PRV-2) is indicated by a shaded box. An outgroup (ARV: AF059720) was used to determine the root. The tree was constructed with the neighbor-joining method. Numbers on the nodes represent the confidence limits (> 70%) estimated from 1,000 bootstrap replicates. Percentage identities between the novel virus (LC145616) and the complete nucleotide sequence of PRV segment S1 (1,081 bp) are indicated in parentheses.
doi:10.1371/journal.pone.0165424.g002
Novel Piscine Orthoreovirus Identified in EIBS-Affected Coho Salmon 70.4%-73.5% (Fig 2) , whereas the sequence identities between the PRV isolates (subgenotype Ia, subgenotype Ib, and genotype II) were ! 79.0% [19] , suggesting that our virus has a novel segment S1. These results indicate that the virus purified from EIBS-affected erythrocytes is a member of the piscine orthoreoviruses. The virus is more closely related to PRV isolates than to LMBRV, but is genetically distinct from known PRV isolates. Therefore, we tentatively designated this novel virus, which is presumed to be associated with EIBS in coho salmon in Japan, 'piscine orthoreovirus 2' (PRV-2).
Increased viral RNA load in peripheral blood after artificial PRV-2 infection
The conventional PCR developed in this study detected the targeted region of segment L1 in cDNA samples from EIBS-affected coho salmon (data not shown). Fish negative for PRV-2 infection were identified with conventional PCR and were used for the study. The PRV-2 RNA loads in the peripheral blood (PB) of EIBS-naïve coho salmon and fish that had recovered from EIBS (EIBS-sensitized coho salmon) after artificial infection were examined with reverse transcription-quantitative real-time PCR (RT-qPCR) assays targeting the transcripts and genomic sequence of the L2 segment (L2 RNA). The copy numbers of L2 RNA at 21 days postinfection (dpi) did not differ between the two experimental groups, whereas at 28 and 37 dpi, the copy numbers of L2 RNA were significantly higher in the naïve fish than in the sensitized fish (multiple comparison with Steel's test, p < 0.05) (Fig 3) . The highest L2 RNA load in a naïve fish was 9.3 × 10 10 copies per 100 μL of PB at 28 dpi. The frequencies of cytoplasmic inclusion body (CIB)-positive fish among the naïve fish at 21, 28, and 37 dpi were 16.7%, 100%, and 100%, respectively. In contrast, no significant change in the copy number of L2 RNA was detected in the EIBS-sensitized fish during the experimental period, and no CIB-positive fish was detected in this group. The highest L2 RNA load in a fish in the EIBS-sensitized group was 2.6 × 10 8 copies per 100 μL of PB at 21 dpi. Notably, no death occurred in either experimental group during the experiment.
Kinetics of viral RNA load and hematocrit levels on an inland farm
The time course of changes in the L2 RNA loads in the tissues of fish and their degree of anemia during an epizootic season of EIBS on an inland coho salmon farm were examined with the RT-qPCR assay and hematocrit (Ht) values, respectively. The mean copy numbers of L2 RNA peaked in the intestine, kidney, liver, muscle, and spleen in week 2, whereas the copy numbers peaked in the heart in week 3 (Fig 4) . Interestingly, the mean Ht values decreased significantly from week 2 to week 4 (one-way analysis of variance [ANOVA], p < 0.05), coinciding with the increased copy numbers of L2 RNA in the tissues (Fig 4) . The highest mean copy numbers of L2 RNA in the heart, intestine, kidney, liver, muscle, and spleen during the experiment were 3.0 × 10 10 , 7.0 × 10 8 , 4.2 × 10 10 , 3.5 × 10 9 , 7.7 × 10 8 , and 3.7 × 10 10 copy per 100 mg of tissue, respectively. Thus, the heart, kidney, and spleen had relatively greater loads of L2 RNA than the other tissues in week 2 ( Fig 5) . Importantly, the L2 RNA load in the kidney was significantly higher than that in the intestine, liver, or muscle (one-way ANOVA, p < 0.05). Notably, the cumulative mortality was estimated to be 23% during this epizootic event, and no death from other diseases was observed.
Detection of PRVs from EIBS-affected coho salmon
The polymorphic regions of segment S1 in PRV-2, PRV genotype I, and PRV genotype II were successfully identified. Specific PCR primer pairs were designed to amplify the PRV genomes at these regions ( Figure A in S4 Fig) . A PCR primer set specific for PRV-2 detected segment S1 in cDNA samples from the purified virus, artificially infected coho salmon at 28 dpi, and EIBSaffected coho salmon from the inland farm in week 2 of epizoosis. The PCR primer sets specific for PRV-2 detected neither genotype I nor genotype II in these cDNA samples ( Figure 
Discussion
EIBS was first described in hatchery-reared chinook salmon in the 1980s [2] , and later in coho salmon [7] . EIBS is characterized by the presence of viral inclusion bodies in the host erythrocytes, and electron microscopy showed the causative agent to have an icosahedral virion, Nonparametric analysis of multiple comparisons with Steel's test was used to determine statistical significance (p < 0.05). Viral RNA loads are given as the copy number of L2 RNA per 100 μL of peripheral blood. The copy number of L2 RNA was normalized to the copy number of the external standard RNA (λpolyA + RNA). Upward triangle (4) indicates a significant increase in the viral RNA load, and downward triangle (5) indicates a significant reduction in the viral RNA load compared with the viral RNA load in the naïve fish at 21 dpi. Box plots show median, 25th, and 75th percentiles, and whiskers represent minimum and maximum values. approximately 70-80 nm in diameter [2, 10] . Finstad et al. (2014) [14] reported that the particles and inclusions of PRV (the presumptive etiological agent of HSMI) have a striking resemblance to several previously reported viral inclusions described in EIBS. However, it was unclear whether EIBS and HSMI are caused by one virus or several related or unrelated viruses [14] . In this study, we sequenced the genome of a virus purified from the erythrocytes of EIBSaffected coho salmon, and found that it is closely related to PRV. Therefore, we tentatively designated the novel virus 'PRV-2' . PRV and the aquareoviruses, which have 10 and 11 dsRNA genome segments, respectively, are known viral pathogens of aquatic organisms, including fish and possibly shellfish [24, 25] . Consistent with the genomic organization characteristic of PRV, the genome of PRV-2 contains 10 dsRNA segments, and 11 proteins are predicted to be encoded by these segments. PRV-2 encodes homologues of all the genes that are found in PRV (λ1, λ2, λ3, μ1, μ2, μNS, σ1, Novel Piscine Orthoreovirus Identified in EIBS-Affected Coho Salmon σ2, σ3, σNS, and p13). Previous studies have suggested that the presence of an integral membrane protein, p13, and two essential outer capsid proteins, σ3 and σ1, has important implications for the unique evolution and taxonomic classification of PRV [22, 26, 27] . In PRV, the p13 membrane protein is encoded on the same segment as the σ3 protein, in a bicistronic segment, whereas the σ1 protein is encoded on a monocistronic segment, rather than on a bi-or tricistronic segment [22, 26, 27] . This characteristic genomic organization is fully conserved in PRV-2 and LMBRV. LMBRV is a new member of the piscine orthoreoviruses isolated from a nonsalmonid fish species and is distantly related to PRV [23] . Therefore, these genomic structural properties may be unique to members of the piscine orthoreoviruses.
The piscine orthoreoviruses represent a distinct genus in the family Reoviridae, because the clade containing the two PRVs (PRV and PRV-2) and LMBRV on the phylogenetic tree constructed from RdRp sequences was distantly related to members of the genera Orthoreovirus and Aquareovirus. This is consistent with the findings of previous studies [16, 23] The RdRp sequence of ALN70048 (PRV isolate WSKFH12_14) was detected in coho salmon from the Columbia River in Washington State, USA. Recently, erythrocytes have been shown to be the major target cells of PRV replication, which is accompanied by cytoplasmic inclusions [14] , but the inclusions observed in EIBS and PRV-associated infections are indistinguishable because the viral morphology in both cases is reovirus-like particles [15] . It is noteworthy that EIBS has also been observed in salmonids (coho salmon and chinook salmon) reared in hatcheries along the Columbia River and its tributaries in the states of Oregon and Washington [7] . These reports raise questions about the etiology of EIBS in coho salmon. Further research is required to determine whether PRV-2, PRV, or both are associated with the EIBS observed in the farmed and wild coho salmon populating the watershed of the Columbia River.
The nucleotide sequence of PRV-2 segment S1 (LC145616) shared lower identity with the S1 sequences of the PRV isolates than was shared among the PRV segments themselves, and PRV-2 was classified as neither genotype I nor genotype II. A phylogenetic tree revealed that PRV segment S1 of Chilean coho salmon with HSMI-like disease (KU131591, KU131593, KU131595, KU131596, KU131598, and KU131604) was clearly distant from that of PRV-2. An RT-PCR analysis of the PRV genotype of segment S1 suggested that PRV-2 was the cause of EIBS among the farmed coho salmon in this study. These observations imply that EIBS in Japanese coho salmon is caused by a novel PRV (RPV-2), which differs from the causative virus of HSMI-like disease in Chilean coho salmon [15] . Comprehensive surveillance is required to clarify whether PRV-2 is an endemic pathogen of Japan or is prevalent worldwide.
It has been reported that coho salmon that recover from EIBS are much less susceptible to reinfection than EIBS-naïve fish [7] . Furthermore, diseased coho salmon transferred from 6°C to 15°C recovered more rapidly than fish that remained at 6°C [7] . Utilizing these phenomena, we prepared EIBS-sensitized coho salmon to examine the time course of changes in the PRV-2 RNA load and the frequency of CIB-positive fish after artificial infection. Protective immunity against PRV-2 appeared to have been induced in the EIBS-sensitized fish because no significant changes in these parameters were observed after infection. However, the frequency of CIB-positive fish among the EIBS-naïve fish increased dramatically from 21 dpi to 28 and 37 dpi. Simultaneously, a significant increase in the viral RNA (L2 RNA) load was observed at 28 and 37 dpi. Previous studies have also reported no inclusion bodies and lower levels of anemia after the injection of recovered fish with an infectious source prepared from EIBS-infected fish [7, 28] . These findings suggest that PRV-2 replication in erythrocytes causes the formation of inclusion bodies and consequent anemia, and that the acquired resistance to PRV-2 that is induced inhibits the onset of EIBS.
The PRV-2 RNA loads and Ht values both became severe in the first half of the experiment on the coho salmon farm. However, the viral RNA loads started to decline thereafter and the Ht values returned to normal. It is hypothesized that the progression of EIBS has five distinct stages [7] . Following an incubation period, when no pathological changes are evident, inclusion bodies appear and increase in number over time. Soon after the inclusion bodies reach their highest numbers, the infected erythrocytes are lysed and Ht values are lowest. Recovery follows and is reflected in an absence of inclusion bodies and a return to normal Ht values [7] . Our observations appear to support this hypothesis and demonstrate the relationship between the prevalence of PRV-2 and the occurrence of EIBS on this coho salmon farm in Japan.
An RT-qPCR analysis of tissues from EIBS-affected fish demonstrated the pattern of PRV-2 distribution. The virus preferentially infects tissues rich in erythrocytes, such as the blood, kidney, and spleen. Higher PRV-2 RNA loads (> 1.0 × 10 10 L2 RNA/100 μL PB or 100 mg tissue) were found in these tissues in the diseased fish (either artificially or naturally infected with EIBS). Similarly, in a previous study of PRV, the blood, spleen, and kidney had the highest viral RNA loads of the 11 tissues tested in HSMI-affected Atlantic salmon [29] . It is generally understood that erythrocytes are the target cells of both PRV species (causative agents of EIBS and/ or HSMI), because they form inclusion bodies in these cells [2, 7, 8, 12, 14, 30, 31 ]. An analysis of the incidence of immature erythrocytes and inclusion bodies led to the hypothesis that immature erythrocytes are initially infected with the causative agent of EIBS [32, 33] . A flowcytometric analysis also showed that more than 50% of erythrocytes in HSMI-affected Atlantic salmon were infected with PRV [14] . Another recent study demonstrated the replication of PRV in Atlantic salmon erythrocytes ex vivo [31] . These findings explain why higher viral RNA loads of PRV species are present in the blood and hematopoietic tissues. The hearts of the EIBS-affected fish also had relatively high loads of PRV-2 RNA. A previous study of EIBSaffected fish showed necrosis of the muscle fibers in the cardiac ventricle and atrium [8, 19] , and an in situ hybridization assay revealed the distribution of PRV RNA throughout the myocardia and endocardia of Atlantic salmon with HSMI [17] . Massive epicarditis and the infiltration of lymphocytic cells into the compact and spongy myocardial layer of the ventricle were observed in PRV-affected salmon [14] . Therefore, the heart may also be affected by infections of PRV species. Mass mortality was observed during a natural epizootic event involving EIBS on this inland coho salmon farm, although it was not associated with the artificial infection performed in this study. It was assumed that other diseases associated with natural EIBS, primary bacterial coldwater diseases, were responsible for the high mortality [7] . However, we observed no outbreak of any other disease, including bacterial cold-water diseases or bacterial kidney disease. Takahashi et al. (1994) [33] reported that the erythrocytic inclusions occurred most frequently in groups of fish fed the largest amount of feed, which consequently grew rapidly. In addition, Ht value of EIBS-affected fish was inversely related to fish growth [33] . The growth of the coho salmon fries in our study was more rapid than that reported by Takahashi et al. (1994) [33] , and their mean body weight increased from 11 g to 40 g in 60 days (data not shown). Therefore, we hypothesize that the rapid growth of the fries and their PRV-2 infection may have synergistically triggered some physiological disruption, such as anoxia attributable to severe anemia, which then resulted in mass mortality.
The present study suggests that PRV-2 is the probable causative agent of EIBS in coho salmon in Japan. We demonstrated the genetic divergence of PRV-2 from known PRV isolates, so it is reasonable to infer that several types of PRV occur on salmonid fish farms worldwide. Importantly, PRV is thought to have been associated with at least some previously reported episodes of EIBS [14] . Further studies are required to determine the host range of the proposed PRV genus [16] and the association between EIBS, HSMI, and HSMI-like diseases. The genomic segments of the orthoreoviruses are known to be susceptible to genetic reassortment and intragenic rearrangement [34, 35] . The exchange of RNA segments between viruses could lead to viral diversity, with increased virulence and an extended host range [36, 37] . Therefore, the reassortment of piscine orthoreoviruses must be clarified because PRV-2 and PRV infect the same hosts, including the coho salmon.
Materials and Methods
Ethics statement
This work meets all the relevant standards for the ethics of experimentation and research integrity. The fish handling, husbandry, and sampling methods were approved by the Institutional Animal Care and Use Committee of the National Research Institute of Aquaculture (IACUC-NRIA no. 27003). The owners of the fish farms gave their explicit permission to work on the premises and to sample the diseased fish that were included in the study.
Viral source and purification
We sampled the fish during an outbreak of EIBS in a marine net pen on a private coho salmon farm in Miyagi Prefecture, Japan, in 2012. Seventy-five (75) moribund coho salmon were anesthetized by bath immersion in 2-phenoxyethanol before sampling, and the kidneys, spleens, and heparinized blood were collected individually. The average bodyweight of the fish was 815 g. The kidney and spleen tissues were used as the source of infection in the challenge test, and the blood was used to purify the virus. A blood smear was prepared from each sample, and the degree of disease progression was identified according to previously reported criteria [32] . Erythrocytes corresponding to EIBS progression stage III-a [32] were collected by centrifugation from 20 mL aliquots of the blood samples. To burst the erythrocytes, each sample was adjusted to four times its original volume with the addition of distilled water. The supernatant of each lysate was transferred to a new tube after centrifugation at 5,000 × g for 10 min at 4°C, and sonicated with a VCX-500 sonicator (Sonics & Materials, Newtown, CT, USA) at 20 W for 2 min. The sonication and centrifugation steps were repeated twice. The virus in the supernatant was precipitated by the addition of 6.5% (w/v) polyethylene glycol 6000 and 2.3% (w/v) NaCl. The mixture was stirred gently for 2 h at 4°C. After centrifugation at 4,000 × g for 10 min at 4°C, the precipitate was suspended in TNE buffer (20 mM Tris [pH 8.3], 150 mM NaCl, 10 mM EDTA). The suspension was then treated with an equal volume of Vertrel XF (DuPont, Wilmington, DE, USA) to remove the lipids and other interfering substances. The top aqueous layer was then layered on top of a 10%-60% linear sucrose density gradient, and centrifuged for 18 h at 110,000 × g (SW40 rotor; Beckman Coulter, Miami Lakes, FL, USA). The three visible bands near the bottom of the tube were fractionated, diluted in fresh TNE buffer, and centrifuged at 150,000 × g for 1 h at 4°C. The pellet was resuspended directly in TNE buffer and stored at −80°C until analysis.
Protein identification with MS/MS
The protein bands in an SDS-PAGE gel containing the fractionated samples after ultracentrifugation were excised and subjected to microwave-assisted in-gel trypsin digestion [38, 39] . The digests were extracted from the gel pieces with 50% acetonitrile (ACN) containing 0.1% trifluoroacetic acid (TFA), and then with 75% ACN containing 0.1% TFA. Each extraction was performed for 15 min at room temperature. The mixture of these extracts was dried in a centrifugal concentrator and then dissolved in 50% ACN containing 0.1% TFA. The dissolved sample was mixed with an equal volume of the matrix reagent (dihydroxybenzoic acid; Shimadzu, Kyoto, Japan) for matrix-assisted laser desorption/ionization (MALDI)-MS, and then subjected to an MS/MS analysis with MALDI-quadrupole ion trap-time of flight-MS (Axima Resonance; Shimadzu) at the Mass Spectrometry Facility, Faculty of Fisheries/Joint Research Division, Nagasaki University, Japan. The protein was identified based on the MS/MS data using Mascot MS/MS Ion Search (Matrix Science, London, UK).
Sequencing the genome segments
The upper band obtained after ultracentrifugation was used to determine the nucleotide sequences of the viral genome segments. The sample was incubated for 10 min at 60°C in lysis buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 1% SDS) containing proteinase K at a final concentration of 0.1 mg/mL, and then mixed with three volume of TRIzol LS Reagent (Invitrogen, Carlsbad, CA, USA). After chloroform was added and the sample centrifuged, the aqueous phase was collected and mixed with an equal volume of isopropyl alcohol. The total RNA was harvested by centrifugation and washed with 75% ethanol. The dsRNA was then separated from any contaminating single-stranded RNA by precipitating it in 2 M lithium chloride (LiCl). The dsRNA precipitate was collected by centrifugation, washed with 75% ethanol, and dissolved in nuclease-free water. The full-length cDNAs of the viral genome segments were obtained with the FLAC method, according to a previous report [40] . The amplified cDNAs were cloned into the pCR2.1 plasmid vector using the TOPO TA Cloning Kit (Invitrogen), and the nucleotide sequences were determined with an ABI Prism 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
Phylogenetic analysis
The amino acid sequence of RdRp and the nucleotide sequence of the S1 segment of PRV-2 were determined. The sequences of the RdRps and S1 segments of other reoviruses were downloaded from GenBank. The sequences were aligned with ClustalW [41] , and a phylogenetic tree was constructed with the neighbor-joining algorithm, with 1,000 resamplings, in MEGA 7.0 [42] .
Artificial infection
Kidney and spleen tissues were collected from EIBS-affected coho salmon (weight of pooled tissues was 11 g) and homogenized in four volumes of phosphate-buffered saline (PBS) on ice. The supernatant was collected after centrifugation at 13,000 × g for 10 min at 4°C. The pelleted tissue debris was homogenized again in PBS, centrifuged, and the supernatant collected. Both supernatants were mixed and adjusted to 110 mL with PBS, and then treated with an equal volume of Vertrel XF. The supernatant was passed through a 0.45 μm filter and stored at −80°C for use as the source of infection. This preparation was diluted 1:10 in PBS, and 0.1 mL was injected intraperitoneally into coho salmon to artificially induce infection. EIBS-sensitized fish were prepared with a previously reported procedure [28] , with some modification. The coho salmon injected with the infectious source were maintained at 8°C for 18 days and then at 15°C for a 15 day recovery period. These EIBS-sensitized fish were acclimated to 8°C for 1 day and were then reinjected with the infectious source. Simultaneously, EIBS-naïve coho salmon were also injected with the infectious source and were treated as the positive control for infection. These fish were maintained at 8°C and their peripheral blood was sampled (n = 5-6) at 21, 28, and 37 dpi to determine the copy numbers of viral RNA with RT-qPCR. Blood smears were prepared from each sampled fish, according to a previous report [32] , to examine the frequency of fish with CIB in their erythrocytes. The fish used in this experiment were anesthetized by bath immersion in 2-phenoxyethanol before treatment or sampling.
Fish sampling on an inland farm
The time course of the changes in the viral RNA loads in different tissues, including the heart, intestine, kidney, liver, muscle, and spleen, was analyzed during an epizootic season of EIBS in 2014. Tissue samples were collected between July 3 and August 8 at intervals of 1 week (6-8 days) from a pond on an inland coho salmon farm in Miyagi Prefecture, Japan. The tissues were excised from the anesthetized fish (n = 5) at each time point, and stored in RNAlater (Qiagen, Hilden, Germany) at −80°C until the RNA was extracted. Peripheral blood was also sampled from the caudal vein of each fish into a heparinized capillary tube to determine the Ht values. The fish had an average body weight of 22.3 g when the last sample was collected. The water temperature was 13°C on the first day of sampling and 16°C on the last day of sampling. The cumulative percentage mortality in the pond during the season was estimated to be 23%, and except for EIBS, no infectious diseases or other mortality-causing agents were detected in the pond.
RNA extraction from tissues
Total RNA was extracted from 100 mg of tissue (100 μL of peripheral blood) with TRIzol Reagent (Invitrogen). An external control, λpolyA + RNA (1.8 × 10 7 copies) (Takara Bio, Shiga, Japan), was added to the TRIzol Reagent before the RNA was extracted from each tissue sample. The sample was homogenized with a Multi-beads Shocker (Yasui Kikai, Osaka, Japan) and the total RNA was extracted according to the TRIzol protocol. Each sample of extracted total RNA was dissolved in 100 μL of nuclease-free water, and an aliquot (2 μL) was reverse transcribed.
Reverse transcription
Reverse transcription was performed with ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, Japan) in a 10 μL reaction volume. The template RNA was denatured at 95°C for 2 min before reverse transcription at 37°C for 15 min. The reaction was stopped at 98°C for 5 min.
The samples containing the first-strand cDNA were stored at −30°C until analysis.
Primer design
Two PCR primer sets were designed from the nucleotide sequences of the PRV-2 genome segments. For conventional RT-PCR, the primers lambda1-F (5´-GGTGAAGTTCATTCTTGC CAATC-3´) and lambda1-R (5´-ATATCCCGAAGCCTGACA GTCA-3´) were designed based on the nucleotide sequence of the helicase gene (segment L1), and amplified a 300-bp fragment. For RT-qPCR, the primers lambda2-F (5´-CGCTCCTCCAGCAACGAT-3´) and lambda2-R (5´-GGTGGATTGAGGCAGAGTTTG-3´) were designed to amplify a 55-bp fragment of the guanylyltransferase gene (segment L2). A commercial real-time primer for λpolyA (Takara Bio) was used to quantify the cDNA of the external control. The DNA fragments amplified with the lambda1-F/R or λpolyA primers were inserted into the pCR2.1 plasmid vector to generate the standards for quantification.
Conventional PCR
The PCR primers lambda1-F and lambda1-R were used for a brief diagnostic test of PRV-2 infection with conventional PCR. The PCR was performed with TaKaRa Ex Taq DNA Polymerase, Hot Start Version (Takara Bio). An aliquot (1 μL) of the first-strand cDNA and the PCR primers at final concentrations of 0.4 μM were added to 20 μL of PCR mix. The thermal profile consisted of initial denaturation at 95°C for 3 min, followed by 35 cycles of denaturation of 95°C for 30 s, annealing at 58°C for 30 s, and elongation at 72°C for 30 s, with a final elongation step at 72°C for 3 min. The resulting PCR product was visualized on a 1.5% agarose gel.
Quantitative real-time PCR qPCR was performed with the Stratagene Mx3000p qPCR System and the companion software MxPro (Stratagene, CA, USA). An aliquot (2 μL) of the first-strand cDNA and 10 μL of 2 × GeneAce SYBR qPCR Mix α Low ROX (Nippon Gene, Tokyo, Japan) were adjusted to a total volume of 20 μL for qPCR. The gene-specific primers (lambda2-F/R or λpolyA primer) were used at final concentrations of 0.4 μM, and the qPCR was performed under the following cycling conditions: 10 min activation of the Hot-Start Gene Taq NT at 95°C, followed by 40 amplification cycles of 95°C for 30 s and 60°C for 1 min. Standard curves were constructed using plasmid vectors containing the target fragments. The copy numbers of these plasmid vector standards were determined based on their molecular weights. The relative viral RNA load was normalized to the copy number of λpolyA + RNA.
Detection of other PRV types
PCR primer pairs were designed to detect PRV-2 segment S1, PRV segment S1 genotype I (including both subgenotype Ia and subgenotype Ib), or PRV segment S1 genotype II (see Figure A in S4 Fig) . The primer pairs PRV-2_1F-1R (forward: 5´-CGACGCCAACACCGG GGGCAGC-3´; reverse: 5´-CCAAAGGCAGGACGCAGGATG-3´) and PRV-2_2F-2R (forward: 5´-CGCCCGACTTCTCTTCTGACCTTGG-3´; reverse: 5´-TTCACAGTACGAT CCT CCATCATGTCC-3´) specifically detected genomic segment S1 of PRV-2. Primer pairs PRVGtI_1F-1R (forward: 5´-AGAAGACAACAGTCGCGGTTCA-3´; reverse: 5´-CCATACGCA GGACGCAGAATG-3´) and PRV-GtI_2F-2R (forward: 5´-TCCCTGACTATTCAACGGAG ATGAC-3´; reverse: 5´-CGAAAAGTCATCTCCTCCATTCCAGAG-3´) detected PRV segment S1 genotype I. Primer pairs PRV-GtII_1F-1R (forward: 5´-TGAAGACAACAGTCGT GGTTCC-3´; reverse: 5´-CCATATGCAGGGCGTAG GACA-3´) and PRV-GtII_2F-2R (forward: 5´-TTCCTGATTATTCAAC TGAAATGCC-3´; reverse: 5´-CGGAAAGTCATCTCCT CCATGCCACTC-3´) detected PRV segment S1 genotype II. The cDNA samples synthesized from the RNA samples from the purified virus, the blood of naïve coho salmon, the blood of the artificially infected coho salmon at 28 dpi, and the kidneys of coho salmon from the inland farm during an epizootic season of EIBS (at week 2) were analyzed. The PCR mixture was prepared as described for conventional PCR. The thermal profile consisted of initial denaturation at 95°C for 3 min, followed by 35 cycles of denaturation of 95°C for 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 60 s, with a final elongation step at 72°C for 3 min. The resulting PCR product was visualized on a 1.5% agarose gel.
Statistical analysis
The statistical analyses were performed with the software package Statcel3 (OMS, Tokyo, Japan). One-way ANOVA was performed with the Tukey-Kramer method or multiple comparisons were made with Steel's test. A value of p < 0.05 was considered statistically significant. A) Nucleotide sequence alignment of the genomic segment S1 of PRV-2, consensus sequence of segment S1 of PRV genotype I, and consensus sequence of segment S1 of PRV genotype II is shown. Consensus sequence of segment S1 of PRV genotype I, including subgenotype Ia and subgenotype Ib, was generated from sequences determined in a previous study (GenBank accession nos GU994022, HG329848, HG329868, HG329897, JN991006, KC473453, KC473454, KC795571, KR872636, KT456500, KT456501, KT456503, KT456505, KU131591, KU131593, KU131594, KU131597, KU131598, KU131602, KU131603, KU131604, KU160513, and KU160514) [19] . Consensus sequence of segment S1 of PRV genotype II was generated from GenBank accession nos KU131595, KU131596, and LN680851. Regions rich in polymorphisms (1F, 2F, 1R, and 2R) were selected and specific PCR primers designed to them. Identical nucleotides in the aligned sequences are indicated with solid boxes. Arrows indicate the directions of primers. PCR primer pairs targeting 1F and 1R amplified 312-bp fragments. PCR primer pairs targeting 2F and 2R amplified 333-bp fragments. B) Detection of genomic segment S1 in cDNA samples of (i) purified virus, (ii) blood of naïve coho salmon (n = 5), (iii) blood of artificially infected coho salmon at 28 dpi (n = 5), and (iv) kidney of EIBS-affected coho salmon from the inland farm at week 2 (n = 5). Except in the naïve fish, PCR amplicons were detected with the specific primer pairs for PRV-2, whereas no bands were detected with the specific primer pairs for PRV genotype I (Gt I) or Gt II. Molecular size marker (M) indicates 0.5 kbp (upper band) and 0.1 kbp (lower band).
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